(20 PM) has been found to decrease the incorporation of dATP-3H into DNA by 90% in intact mitochondria (at a level of 3 mg of protein) but to have no such effect on sonic extracts of mitochondria nor on the DNA polymerase from Escherichia coli. Inhibition of dATP-3H incorporation by atractyloside can be overcome by increasing the level of ATP present. The incorporation of TTP-3H is not similarly inhibited by atractyloside. TTP-3H incorporation, which is stimulated by added ATP, is inhibited by atractyloside to the extent of 40yo in the absence of and 13% in the presence of ATP (2 mM). Atractyloside can be used with labeled dATP to ascertain that DNA synthesis is occurring intramitochondrially in intact organelles, in vitro, rather than externally BS a result of contaminating nuclear DNA polymerase.
A previous study (1) of the incorporation tion, in vitro, of dATP-3H into mitochonof thymidine-3H into mitochondrial DNA, drial DNA in the intact organelle but not in vitro, required the demonstration that in a disrupted preparation. These observa-DNA synthesis was indeed intramitochontions support the previous conclusion (1) drial and was not merely a result of con-that intact mitochondria were used to demtaminating nuclear DNA polymerase in our onstrate the incorporation of thymidine-3H preparation. It occurred to us that atractylinto DNA in vitro. It appears that atractylooside, a compound which appears to bind to side and labeled dATP would be useful in the inner mitochondrial membrane (2) and ascertaining the degree of intactness of isoto abolish the entry of external adenine ribolated mitochondria. nucleotides into intact mitochondria (3)) might be useful in confirming that DNA was MATERIALS AND METHODS synthesized inside the organelle in our ex- This paper presents data which indicate previously described (1 D The complete system with TTP-aH has been a The complete system with dATP-3H (minus described in the text. Reaction was carried out at ATP) has been described in the text. Reaction was 37" for 1 hr in a total volume of 1 ml. Mitochondrial carried out at 37" for 1 hr in a total volume of 1 protein was 3.1 mg. Radioactivity was measured in ml. Mitochondrial protein was 3.7 mg. Radioacid-insoluble material. activity was measured in acid-insoluble material.
salt), 10.0 mu MgClt, 2.0 mu KCl, 10.0 rnM KHt-PO+ and 25.0 mu Tris (pH 8.0) in a total volume of 1.0 ml. The incubations were performed at 37" without shaking. After the desired period of incubation, the reaction mixture was chilled, and the reaction was stopped by addition of 0.5 ml of cold 0.1 M sodium pyrophosphate and 1.0 ml of cold 1.0 N perchloric acid (6) . The radioactivity in the acid-insoluble material was determined after processing according to the method of Lehman (7). Finally, the acid-insoluble material was dis- 1 . Effect of atractyloside on the incorporation of dATP-3H into acid-insoluble material. Isolated mitochondria (3.0 mg protein) were incubated in the presence or absence of atractyloside in the complete system (described in the text) containing dATP-aH (minus ATP) for 1 hr at 37" in a total reaction volume of 1 ml. Radioactivity was measured in the acid-insoluble material. or in its absence (-0-O-G) in the complete system with dATP-aH (described in the text) and various concentrations of ATP. The reaction was carried out for 1 hr at 37" in a total reaction volume of 1 ml. Radioactivity was measured in the acid-insoluble material.
solved in NaOH, diluted with water, and counted in a liquid-scintillation counter using a scintillation mixture as previously described (1) . In a few experiments, the acid-insoluble material mas further treated with alcohol, alcohol-ether (3:l) and ether, but no significant difference was noted in the level of incorporation.
Acid-denatured mitochondria were incubated under identical conditions as controls.
Protein was determined by the method of Lowry el al. (8) .
RESULTS
The incorporation process is partially dependent on the presence of the four deoxyribonucleotides. Omission of succinate, malate, nicotinic acid (potassium salt), KC1 and KHtPO, from the complete system lowered the incorpora,tion by 20-30%. No specific attempt was made to study the effect of each component on the incorporation process. From Table I it is evident that the incorporation of labeled TTP when studied with intact mitochondria shows a requirement for ATP, the absence of which results in a 4045% lower incorporation.
On the contrary, ATP inhibits the incorporation of labeled dATP by 3035 o/o (Table II) .
The effect of different concentrations of atractyloside on the incorporation of labeled dATP into acid-insoluble material is shown in Fig. 1 . Inhibition of the incorporation to the extent of 90% occurs in the presence of atractyloside at a concentration of 20 PM (mitochondrial protein 3.0 mg). No inhibition is observed at a concentration of 0.2 PM or lower. The inhibition caused by atractyloside can be overcome by increasing the level of ATP. The inhibition, resulting from 20 FM akactyloside, is decreased from 95% to 50 % upon raising the concentration of ATP from 2.0 to 5.0 PM (Fig. 2) .
The incorporation of labeled TTP into acid-insoluble material is inhibited by 20 PM atractyloside to the extent of 40% in the absence and 13% in the presence of 2 mM ATP (Fig. 3) . Raising the atractyloside concentration to 2 112BI results in a minor increase in inhibition. Table III shows the incorporation of labeled dATP or TTP into acid-insoluble material not to be inhibited by atractyloside in sonic extracts of mitochondria. Though the level of incorporation was low with the extract as compared to the intact mitochon- o E. coli DNA polymerase (15 pg) was incubated in the presence or absence of atractyloside in the complete system (described in the text) plus 5.0 pg of calf thymus DNA. dATP-aH (0.026 mM) was used in this experiment. Incubation was carried out at 37" for 1 hr in a total reaction volume of 1 ml. The radioactivity precipitable by cold perchloric acid (after addition of 0.5 mg calf thymus DNA) was then measured. dria, the results were reproducible and consistent. For the incorporation of both the labeled substrates, ATP stimulated the process. It appears from Table III that atractyloside at higher concentrations stimulates the incorporation process when ATP is present. Table IV demonstrates that up to 2 X 1O-5 M atractyloside has no significant effect on the DNA polymerase from E. coli. A concentration of 2 X 10m3 M results in only a 10 % inhibition.
DISCUSSION
Workers in several laboratories have demonstrated that isolated mitochondria from rat liver (5), yeast (9) , and the mold, Physarum polycephalum (10) can incorporate deoxyribonucleot'ides into mitochondrial DNA. However, in studying DNA synt,hesis in isolated mitochondria, a major problem is to distinguish between true intramitochondrial synthesis and the synthetic activity of contaminating nuclear DNA polymerase. Use of atractyloside provides one means of solving this dilemma. The atractylosidesensitive mitochondrial carrier system (3) is apparently not specific for the ribonucleotides of adenine but also deals with the deoxyribonucleotides.
Thus, the translocation of dATP as well as ATP is inhibited in intact organelles and labeled dATP is not incorporated into mitochondrial DNA. On the other hand, atractyloside does not inhibit t#his process in sonic extracts of the organelle nor is DNA polymerase of Exherichia coli significantly inhibited by this substance. This property of atractyloside makes it possible to explore with labeled dATP whether the formation of DNA occurs inside the mitochondria or is a function of contaminating DNA polymerase activity external to the mitochondria. By this criterion, more than 90% of the DNA was synthesized within the mitochondria in the present study.
In the experiments reported in this paper, we have measured the radioactivity in acidinsoluble material. Evidence that this material was DNA has been previously reported (1).
It has been observed that in order to achieve maximum incorporation of TTP-3H in intact mitochondria, ATP is necessary (Table I ) while in the case of dATP-3H incorporation, the addition of ATP lowers the incorporation (Table II) . This phenomenon is difficult to explain. In sonic extracts the addition of ATP stimulated t,he incorporation of both dATP-3H and TTP-3H (Table  III) . A similar type of stimulation by ATP was observed by Meyer and Simpson (11) with their mitochondrial DNA polymerase fraction I (Mt-I). They suggested that the requirement for ATP in the Mt-I fraction resulted from the need to regenerate with ATP the enzymatically degraded precursors of DNA-especially GTP. Their purified mitochondrial DNA polymerase, however, did not require ATP for the incorporation of labeled deoxytriphosphates into DNA as is true, of course, with the DNA polymerase from E. coli.
Atractyloside has been found to strongly inhibit the incorporation of dATP-3H (Fig. 1) . This inhibition was partially reversed by addition of ATP (Fig. 2) . Since addition of ATP decreased the incorporation of dATP-3H, it is not surprising that complete reversal of the inhibition by atractyloside was not achieved.
When the effect of atractyloside on the incorporation of TTP-"H was studied in the presence of the amount of ATP necessary to obtain maximal radioactive DNA, very little inhibition (about 13 %) was obtained (Fig. 3) . A larger inhibition (about 40 %) was seen (Fig. 3) in the absence of ATP. These effects presumably are a function of the effects of atractyloside on the transport of ATP and dATP into the mitochondria since these elements are necessary for the maximal incorporation of TTP-3H into the DNA.
Although the incorporation of dATP-3H and TTP-3H into DNA in mitochondrial extracts prepared by sonication was low, it is clearly evident that atractyloside exerted no inhibition on the reaction (Table III) . At a concentration of 2 X 10e4 M, atractyloside inhibited the incorporation of dATP into intact mitochondrial DNA to the extent of 94% (Fig. 1) whereas, in the extracts the inhibition was negligible if it occurred at all (Table III) . With TTP-3H, even the low degree of inhibition seen in intact mitochondria was not observed in the extracts.
The stimulation of incorporation of both labeled precursors noted in extracts at higher concentrations of atractyloside, may have been a result of inhibition of ATPase since the incorporation was stimulated by ATP (Table III) but the effect was not further studied.
The low level of incorporation of labeled dATP and TTP into DNA in the extracts may have been a result of destruction of the catalytic system or of primer DNA during the sonication. Attempts to increase the level of incorporation by adding mercaptoethanol to the complete system or by preparing the extract according to the method of Kalf and Ch'ih (12) were unsuccessful. Since the activity obtained was sufficient to show that atractyloside had no inhibitory effect, no further efforts in this direction were made.
